INTRODUCTION 51 52
Meiotic recombination rate variation impacts on multiple important biological processes in 53 sexual eukaryotes. It is crucial for chromosomal segregation (John 2005; Roeder 1997 ), but is 54 also itself a powerful factor influencing genome organisation and sequence variability 55 (Aquadro, et al. 1994; True, et al. 1996) . Meiotic recombination arises when a double-56 stranded break leads to crossing over between homologous chromatids (Bergerat, et al. 1997 ; 57
Hughes, et al. 2018 ; Keeney, et al. 1997 ; Schwacha and Kleckner 1995; Szostak, et al. 1983 ). 58
Higher rates of recombination break up genetic linkage and can increase the efficacy of 59 natural selection (Charlesworth and Charlesworth 2010; Haddrill, et al. 2007 ) and so affect 60 the evolution of numerous genomic features. The reduction of transposable element density 61 (Charlesworth and Lapid 1992; Charlesworth, et al. 1994; Kofler, et al. 2012; Petrov, et al. 62 2011; Rizzon, et al. 2002) and the increased levels of DNA polymorphism (Aquadro, et al. 63 4 2014; Hughes, et al. 2018; Szauter 1984) . Depending on the species, either suppression or 76 enhancement of recombination has been observed towards the telomeres (Broman, et al. 1998; 77 Chan, et al. 2012; Comeron, et al. 2012; Myers, et al. 2005) . Heterochromatin, which is often 78 associated with these regions, tends also to exhibit lower recombination rates than 79 euchromatin (Baker 1958; Roberts 1965; Sturtevant and Beadle 1936; Szauter 1984; 80 Termolino, et al. 2016 ). Yet, in addition to these large-scale features of recombination 81 landscapes, fast-evolving (Jeffreys, et al. 2001 ) finer-scale variation can also be observed 82 (Comeron, et al. 2012; Myers, et al. 2005) . 83 84 It has been proposed that short sequence motifs are a key factor shaping the 85 recombination landscape. For example, in humans a 13-mer, CCNCCNTNNCCNC motif is 86 targeted by the PRDM9 protein (Billings, et al. 2013; Grey, et al. 2011; Myers, et al. 2010) , 87 via its zinc-finger array (Baudat, et al. 2010; Parvanov, et al. 2010) , where it promotes histone 88 methylation and meiotic crossover, reorganising the nucleosome around it and driving double 89 stranded break formation (Baker, et al. 2014; Brick, et al. 2012; Mihola, et al. 2009; Pratto, et 90 al. 2014 ). These highly localized recombination events in 500-2000bp sections of 91 chromosome have been called recombination "hotspots" (Lam and Keeney 2014) . They are 92 observed in a multitude of species including yeast, mice, humans among many others ( Here, to test the hypothesis that differences in genome-wide motif distributions can 129 explain the observed differences in recombination (Adrian, et al. 2016 ), we take a multi-step 130 approach. First, we produce a high-resolution recombination map for D. simulans. Next, we 131 run a motif discovery in each species and construct a consensus motif set. We confirm the 132 clear differences in recombination landscapes between the two species, but find a similar set 133 and distribution of recombination associated motifs in each. Our results suggest that 134 recombination associated motifs cannot explain the large-scale differences in recombination 135 landscapes between the two species but may have a significant impact on recombination on a 136 Tallahassee, Florida, USA in 2010 (Barghi, et al. 2017) . From each of the 189 lines that were 146 still alive in 2016, an individual male was selected and crossed with a virgin "reference" 147 female from the M252 strain that was used to produce the D. simulans reference genome 148 (Palmieri, et al. 2015) . Paired-end libraries were generated for a single F1 female as described 149
in Barghi, et al. (2017) and sequenced on an Illumina HiSeq XTEN to obtain an average 7 sequence coverage of 30x. Single-nucleotide polymorphisms (SNPs) were called with 151 FreeBayes (v1.1.0-46-g8d2b3a0, Garrison and Marth 2012), requiring a minimum sequencing 152 coverage of 10x and a variant quality of at least 50. All SNPs that were polymorphic in the 153 M252 reference strain were masked. Based on line-specific haplotype information, the As the raw recombination map output by LDJump is noisy, we smoothed each recombination 168 map at several scales. In D. melanogaster, the raw map (Comeron, et al. 2012 ) contained 169 information on recombination rate at a 100kb resolution, in D. simulans raw information was 170 generated at a 1kb scale. For smoothing, we used a moving median approach, using window 171 sizes of 5, 25, 101, 501 and 2501 kb for D. simulans, and a 101, 501, 2501 kb for 172 D. melanogaster, respectively. Advantages of the moving median as a smoothing method 173 include low sensitivity to outliers, and a direct relationship to underling data, in the sense that 174 only values present in the raw data set can be present in the smoothed set if the median is 8 taken based on an odd number of input values, which in our case it always was. Because this 176 approach is also computationally expensive, and prone to deleting map features when there 177 are long runs of identical values, we investigated as an alternative approach, smoothing via 178 LOESS local regression (Cleveland, et al. 1992) , which produces qualitatively equivalent 179 results ( Figure S2 ). The smoothing scales chosen reflect those in Adrian, et al. (2016) , 180 relevant to potential motif explanatory power. The "correct" scale on which motifs may 181 function is a priori unclear. Background Models, simple matrices of background base frequencies obtained using the 199 MEME fasta-get-model command, for each reference genome in turn. The full procedure was 200 repeated with all smoothed maps (Methods: Recombination Map Production). For 201 completeness, a raw 1 kb window motif discovery run was also conducted for D. simulans. A 202 similar search for motifs associated with lower recombination areas returned no results. 203
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Motif Consensus Set 205 206 MEME motif discovery runs returned a set of 5, 4 and 3 motifs in D. melanogaster and 1, 2, 207 4, 1, 1 and 1 significant motifs in D. simulans, at the 101, 501, and 2501, and 1, 5, 25, 101, 208 501, and 2501 kb scales, respectively (SI.3, E ≤ 0.01). It was noticed that, while individually 209 distinct, numerous motifs contained similar core patterns whilst varying, for example, only in 210 repeat number. As such, we constructed a set of 5 consensus motifs that captured the core 211 variation in all motifs significantly associated with increased recombination, across both 212 species, and over all scales. This core set of motifs C1-5, was determined via a two-step 213 method. First, we contrasted the motifs across each of our recombination map smoothing 214 scales in both species, retaining only motifs that occurred in at least one scale with a 215 minimum significance of E ≤ 0.01 in at least one species. Motifs were then simplified by 216 allowing only the most likely base at each position, and motif lengths were fixed as the 217 longest sequence length that could be represented in both species (as lengths were by 218 tendency longer in D. melanogaster). This resulted in the following set of consensus motifs: 219
the dominant contribution to the consensus motifs, as the motifs in D. simulans were less 221 significant than those observed in D. melanogaster (SI.3), and that the number of consensus 222 motifs was informed by the data, and not decided a priori. As our consensus motifs turned out 223
to be simplified versions of the most predictive motifs that were identified by Adrian We converted the 5 consensus motifs into letter-probability matrices, to be used as input to 232 FIMO, a MEME Suite tool designed to find genome-wide motif occurrences (Grant, Hochberg 1995). To obtain genome-wide motif densities in each species, we calculated for 248 each motif the sum of 1q, across a sliding window of 1 kb, where q refers to the per record 249 q-score, such that per window motif densities are discounted in relation to the quality of the 250 motif match, with higher quality matches counting more. A total, genome-wide count (of 1 -251 q) of each motif was also obtained from the raw FIMO output. Recombination rates in D. simulans are more uniform across chromosomes, than in 292
D. melanogaster 293
We present the first high-resolution recombination map for Drosophila simulans, and contrast 294 it to that of D. melanogaster (Comeron, et al. 2012) . Across a range of smoothing parameters, 295 the D. simulans recombination map is more uniform than that of D. melanogaster (Figures 2,  296 3). The level of recombination suppression is lower towards the centromere in D. simulans. Finer resolution peaks and troughs varied more between species (e.g. motif C4 on X, 367 5-15 Mb position, Figure 4 ). Further, although the different motifs, C1-5, displayed similar 368 broad patterns in each species -per chromosome and genome-wide -some species-specific 369 patterns were seen. Motifs C1, [A]11 and C5, [G]8 were far less common in D. simulans, which 370 had a lower total motif count, while the opposite was true for motif C4, [TA]5. Nonetheless, 371 genome-wide motif distributions were similar in each species. 372 373 Associations between motif densities and recombination rates are generally weaker and 374 less significant in D. simulans than in D. melanogaster 375
We examined correlations between motif densities and recombination rates in each species, 376 both per chromosome, and genome-wide, and at a range of genomic scales. A clear difference 377 was observed between the species. In D. melanogaster, all but one correlation was positive, 378 most were highly significant both genome-wide and per chromosome, and the correlation 379 coefficients (Spearman's r) were generally large; with a range of ~ 0.4 -0.6 for the most 380 associated motifs per chromosome (and genome-wide, Figure 5a ). In contrast, the 381 associations observed in D. simulans were heterogeneously positive or negative, had lower 382 significances than those observed in D. melanogaster, and were in all cases weak; with a 383 range of ~ 0.01 -0.04 for the most associated motifs per chromosome (and genome-wide, 384 Figure 5b ). In both species, there was also variation in the importance of different motifs on 385 different chromosomes (below). However, while in D. melanogaster the patterns of motif 386 association held across all scales for each chromosome and genome-wide, in D. simulans 387 there were occasional exceptions to this rule. For instance, on 2L, 2R, 3L, and genome-wide, 388 the positive correlations for C1 and C4 switched direction at scales larger than 25 -101 kb. 389
Given that these correlations were very weak with low significance, we attribute these 390 discrepancies stochastic noise, rather than biological signals. We finally note that motifs C1, 391 C2, and C3 were the most associated with recombination across most major chromosomes in 392 both species (though to a far lesser extent in D. simulans), but that an exception is observed 393 for the X chromosome. Here, motif C2 had a very weak association with recombination rate 394 in both species, and motif C4 instead had a high association, relative to its weak association 395 on most autosomes in both species. Very similar observations were seen for the linear 396 regressions ( Figure S1) , with more models being significant and positive for D. melanogaster. 397
398

DISCUSSION 399 400
We present the first high resolution recombination map for Drosophila simulans, and a 401 comparative analysis of recombination motifs and their association with recombination in two 402 sister species, D. melanogaster and D. simulans. We tested the hypothesis that such motifs 403 predict recombination rates within the D. melanogaster species subgroup. 404 405 Our D. simulans recombination map confirms the results of previous, lower resolution 406 work in this species Voelker 1981, 1979; Stuktevanat 1929; True, et al. 1996) . 407
We find that the D. simulans recombination landscape is far flatter than in D. melanogaster 408 (Figures 2, 3) . While centromeric recombination suppression on the X, and to some extent on 409 2L and 3R, is observed in D. simulans, it is restricted to a small genomic region, whereas in 410 D. melanogaster the recombination rate decreases only gradually over a much larger region in 411 proximity to the centromeres (Comeron, et al. 2012 ). In D. simulans, a similarly sharp 412 teleomeric suppression is also observed on 2L (and to some extent on X, 2R, 3L and 3R) at Turning to the causes of this recombination variation, we ran a MEME motif search to 442 identify short DNA sequence motifs associated with regions of higher than average 443 recombination, repeating this search in both D. melanogaster, and D. simulans. The first point 444 of note was that a larger number of motifs were returned in D. melanogaster, and that those in 445 D. simulans were by tendency both shorter and showed a less significant association with 446 recombination rate, with lower quality matches. Nonetheless, a generally similar set of motifs 447 was recovered in each species, and across each recombination map smoothing scale 448 investigated. In short, we obtained a subset of the D. melanogaster motifs in D. simulans; 449 motifs C1, C5 and by trend, motifs C2 and C4, providing some confidence in the impact of 450 these motifs on the recombination rate. The motif sharing between the two Drosophila 451 species provides some evidence that recombination motifs may to some degree be universal 452 across Drosophila species. This idea builds upon prior work, which has shown that there is 453 some overlap in motifs between more distant Drosophila species, such as D. pseudoobscura, 454 which exhibits CACAC (Cirulli, et al. 2007 ), CCCCACCCC and CCTCCCT motifs 455 showing that D. melanogaster also exhibit the CACAC and CCTCCCT motifs, though not the 459 CCCCACCCC motif. Our study builds on this result, showing that a larger degree of motif 460 overlap can be seen both when contrasting consensus motifs and when comparing between 461 more closely related species, and that the [CA]n motif is universal to all Drosophila species 462 studied. However, it is immediately notable that no complex, multi-part motifs were 463 recovered in our study. 464
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The genome-wide distribution of motifs ( Figure 4) revealed, somewhat surprisingly, 466 that there are also clear parallels between the two species motif landscapes. Not only do 467 motifs with higher density in D. melanogaster generally have a higher density in D. simulans, 468 but the patterns of motif distribution genome-wide are also remarkably similar. For instance, a 469 similar "hump" and "peak" can be observed at the 8 and 9 Mb positions of chromosomes X 470 and 2L respectively, for motif C2, in both species, while a density "trough" can be seen at 15 471 Mb on chromosome 2L for this motif (Figure 4 ). Motifs C1, C3 and C4 likewise exhibit very 472 limited differences between species, on all chromosomes (Figure 4) , despite clear differences 473 in recombination rates (Figure 3) . A few differences do exist. Motif C1 is more common in 474 D. melanogaster, even if the "landscape" is similar to D. simulans; Motif C5 is less common 475 in D. simulans, and exhibits a distinct landscape on all autosomes; and, any narrow-scale 476 features rarely overlap between species, mirroring patterns of distinct recombination peaks 477 and similar landscapes seen in D. melanogaster populations (Chan, et al. 2012; Smukowski 478 Heil, et al. 2015) . Consequently, while it might be tempting to speculate that subtle 479 differences in motif densities can explain the flatter recombination landscape of D. simulans 480 and its unique recombination peak set, it is difficult to reconcile the distinctive patterns of 481 recombination rate variation in the two species with their exceptionally similar motif density 482 landscapes, that are almost identical between species, especially when focusing on the large-483 scale differences in centromeric and telomeric regions. 484
485
The similar motif density patterns between the two species cast doubt on the 486 hypothesis that differences in motif distribution can account for differences in recombination 487 variation in these species. If divergent motif densities really account for the species 488 differences in recombination rates, how can we explain the lack of concordance between 489 reduced recombination towards the centromeres in D. melanogaster, the lack of this reduction 490
